Although important progress has been achieved in understanding the catalytic mechanism of Carbonic Anhydrases, a detailed picture of all factors influencing the catalytic efficiency of the various human isoforms is still missing. In this paper we report a detailed structural study and theoretical pKa calculations on a hCA VII variant. The obtained data were compared with those already known for another thoroughly investigated cytosolic isoform, hCA II. Our structural studies show that in hCA VII the network of ordered water molecules, which connects the zinc bound solvent molecule to the proton shuttle His64, is altered compared to hCA II, causing a reduction of the catalytic efficiency. Theoretical calculations suggest that changes in solvent network are related to the difference in pKa of the proton shuttle in the two enzymes. The residue that plays a major role in determining the diverse pKa values of the proton shuttle is the one in position four, namely His for hCA II and Gly for hCA VII. This residue is located on the protein surface, outside of the active site cavity. These findings are in agreement with our previous studies that highlighted the importance of histidines on the protein surface of hCA II (among which His4) as crucial residues for the high catalytic efficiency of this isoform.
Introduction
Carbonic Anhydrases (CAs, EC 4.2.1.1) are ubiquitous metallo-enzymes that are present in most living organisms [1] . Seven genetically distinct families have been identified so far: the α-, β-, γ-, δ-, ζ-, η-, and θ-CAs [1] [2] [3] [4] [5] [6] [7] [8] . Human CAs (hCAs) belong to the α-class and exist in fifteen isoforms. Although sharing a high level of three-dimensional similarity and a zinc ion in the active site, these isoforms differ in the tissue distribution, catalytic activity and cellular localization. Indeed, five isoforms are cytosolic (CAs I-III, VII and XIII), four are membrane-associated (CAs IV, IX, XII and XIV), two are mitochondrial (CAs VA and VB), and one is a secretory protein present in milk and saliva (CA VI) [1, 9, 10] .
hCAs catalyze a simple but fundamental physiological reaction, the reversible hydration of CO 2 to HCO 3 − and proton, following a two-step mechanism described by Equations (1) and (2) [1] . The first step consists of the nucleophilic attack of the Zn 2+ -bound hydroxide on CO 2 with consequent formation of HCO 3 − . The binding of HCO 3 − to the zinc is rather labile, thus it is replaced by a water molecule generating the catalytically inactive form of the enzyme EZn 2+ -H 2 O (Equation (1)). In the second step of the reaction, which is the rate-limiting one, the zinc-bound hydroxide is regenerated through a proton transfer reaction from the zinc-coordinated water molecule to the bulk solvent (B) [11] [12] [13] [14] . 
In the majority of the isoforms, a histidine residue placed in the middle of the active site cavity, namely His64, assists this step acting as a proton shuttle [15, 16] . Accordingly, isoforms lacking a histidine in position 64 generally show a lower catalytic efficiency [17] . Moreover, the replacement of His64 with Ala in hCA II results in a 10-50-fold decrease of catalysis compared with the wild type enzyme [16, 18] .
Currently, most of the studies on the catalytic mechanism of hCAs have been performed on the ubiquitous isoform hCA II, which is the most active isozyme. Results demonstrated that the His64 side chain has two conformational states, named in and out. In the in conformation, the imidazole ring points toward the zinc ion, whereas in the out conformation it points out of the active site cavity [19, 20] . Interestingly, even if it was initially suggested that the His64 conformational mobility was an essential requirement for proton transfer [11] , more recent studies have questioned its necessity [14, 21] . Apart from the presence of His64, other structural features have been recognized as important factors affecting the rate-limiting step of the catalytic reaction [22] [23] [24] [25] . In particular, in hCA II the presence of a network of well-ordered water molecules, connecting the Zn 2+ -bound solvent molecule to His64 (see Figure 1) , finely modulates the efficiency of proton transfer during catalysis [14] . Accordingly, site directed mutagenesis of several hCA II residues (Tyr7, Ans62, Asn67, Thr199, and Thr200), which have been shown to interact with these water molecules, caused changes in solvent positions and consequently in the rate of the proton transfer process [26] [27] [28] [29] .
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Among the cytosolic isoforms, we recently focused our attention on hCA VII [30] [31] [32] [33] [34] [35] , an enzyme initially detected only in brain, where it functionally participates as a molecular switch for GABAergic excitation [30, 36, 37] . Subsequently, hCA VII was found also in other tissues, such as colon, muscle, and liver [38] . hCA VII has been proposed as a target for CA inhibitors to be used for treatment of epilepsy [37] and chronic neuropathic pain [39] . Recent studies from our group also unveiled for this enzyme a potential role as an oxygen radical scavenger, protecting cells from oxidative damage [33] .
hCA VII has been fully characterized from both structural and catalytic viewpoints [32, 35] . In particular, crystallographic studies performed on a mutated form of the enzyme in complex with the sulfonamide inhibitor acetazolamide showed that hCA VII structure consists of a central ten-stranded β-sheet surrounded by several helices and additional β-strands, as observed for other hCAs [1] . The active site is located in a conical cavity, with the catalytic zinc ion at the bottom [32] .
Catalytic assays demonstrated that this enzyme is able to catalyze the CO 2 hydration reaction with slightly less efficiency compared to the cytosolic isoform hCA II (hCA VII: k cat = 7.9 × 10 5 s −1 and k cat /K M = 7.2 × 10 7 M −1 s −1 ; hCA II: k cat = 1.4 × 10 6 s −1 and k cat /K M = 1.5 × 10 8 M −1 s −1 ) [35] . This finding was quite surprising considering the high degree of sequence and structural similarity between hCA II and hCA VII. Thus, with the aim to understand the structural factors responsible for the lower catalytic efficiency of hCA VII with respect to hCA II, we performed a crystallographic study of an unbound variant of hCA VII and compared the obtained structure with that of the native hCA II. Theoretical pK a calculations of the proton shuttle His64 were also carried out.
Results

Crystallographic Studies
In a previous study, we reported the bacterial expression, using pGex-6P-1 vector, of a mutated form of hCA VII, named dmCA VII, which contained two amino acid substitutions. In particular, the cysteine residues in position 183 and 217 were mutated to serines. It was demonstrated that the two mutations did not influence the catalytic activity of the enzyme; indeed, the kinetic constants for native hCA VII and dmCA VII were absolutely comparable (dmCA VII: k cat = 7.0 × 10 5 s −1 and k cat /K M = 6.5 × 10 7 M −1 s −1 ) [35] . dmCA VII was then used for structural studies since it avoided potential crystallization problems caused by the mixture of reduced and oxidized enzyme forms [32] .
In this paper, dmCA VII was produced using a different vector, pETM13, which allowed us to successfully express the protein with a C-terminal histidine tag in the soluble fraction of E. coli. The purification steps led to obtain the protein with high purity level (>98%) and a final yield of 7 mg/L. The enzyme was concentrated at 5 mg/mL and crystallized, using polyethylene glycol as precipitant, in the space group P2 1 2 1 2 with one molecule per asymmetric unit. Using the tagged protein for crystallization experiments, more reproducible results were obtained in comparison with the same trials performed on the protein expressed in the pGex-6P-1 vector.
The structure was determined at 1.91 Å resolution and atomic coordinates were deposited in the Protein Data Bank (PDB) as entry 6G4T. The crystal parameters, data collection, and refinement statistics are listed in Table 1 .
The comparative analysis between the obtained structure and the one with the same enzyme crystallized in complex with acetazolamide did not reveal any significant differences [32] . Indeed, the superposition of corresponding Cα atoms between the two enzymes leads to an r.m.s.d. of 0.32 Å, indicating that the presence of a ligand in the active site did not alter the backbone conformation. The conformation of residues delimiting the active site cavity was also conserved. Interestingly, the proton shuttle His64 was modelled in both structures only in the out conformation; however, in the structure under investigation no evidence of the inward conformation was observed (Figure 2A ), whereas some disorder was observed in the case of the inhibited enzyme [32] . 
, where I i (hkl) is the intensity of an observation and <I(hkl)> is the mean value for its unique reflection; summations are over all reflections; ** R-work = Σ hkl ||Fo(hkl)| − |Fc(hkl)||/Σ hkl |Fo(hkl)| calculated for the working set of reflections. R-free is calculated as for R-work, but from 5% of the data that was not used for refinement. Values in parentheses are referred to the highest resolution shell (1.94-1.91 Å).
In the structure of the unbound dmCA VII, the metal ion maintains the tetrahedral coordination already reported for the inhibited enzyme; in this case the fourth coordination position is occupied by a solvent molecule (ZS), which is connected to His64 through a network of well-ordered water molecules (Figure 2A,B) . In detail, ZS is at hydrogen bond distance from the deep water (DW, the solvent molecule that occupies the CO 2 binding pocket) and from the water molecule W1, which in turn interacts with W2 (nomenclature of water molecules refers to that adopted for hCA II by Fisher et al. 2005 ) [20] . The latter is connected with three other water molecules (W3a-c), W3a is hydrogen bonded with the carbonyl oxygen of His64 and the side chain of Tyr7, W3b interacts with Asn62 and Gln67 side chains, and W3c is at 3.2 Å from the ND1 atom of His64.
A comparative analysis between unbound dmCA VII and native hCA II revealed that the amino acids present within the active site cavity adopt a generally conserved conformation. The most significant difference was observed for the proton shuttle residue which, differently from dmCA VII, in hCA II adopts both the in and the out conformations (Figure 3 ) [20, [40] [41] [42] . The network of water molecules, that connects ZS to His64 in both enzymes, also reveals a substantial similarity (Figure 3) . The unique significant difference is that in the case of dmCA VII an additional water molecule is present, namely W3c, which is located in the same position that in hCA II is occupied by His64 side chain in the in conformation. This molecule is hydrogen bonded to the His64 side chain ( Figure 2B ). Figure 2B ). 
pKa Calculations
Several papers highlighted a correlation between the pKa value of hCA II His64 and conformational preferences of its side chain (see Discussion) [26, 29] . Thus, we carried out theoretical predictions of His64 pKa value in dmCA VII as well as in hCA II using the PROPKA method [43, 44] . Both in and out conformations of His64 present in the native hCA II crystal structure (PDB code 1TE3) 
pK a Calculations
Several papers highlighted a correlation between the pK a value of hCA II His64 and conformational preferences of its side chain (see Discussion) [26, 29] . Thus, we carried out theoretical predictions of His64 pK a value in dmCA VII as well as in hCA II using the PROPKA method [43, 44] . Both in and out conformations of His64 present in the native hCA II crystal structure (PDB code 1TE3) [20] were taken into account for calculations. In the case of dmCA VII structure, which shows only His64 out conformation, a model of the in conformation was built using the hCA II structure as template [20] .
Predicted pK a values are shown in Table 2 . These values are significantly lower than those experimentally determined for hCA II His64 [20] . This finding is not surprising, since it is reported in literature [44, 45] an underestimation of protein stabilizing interactions for buried residues in PROPKA calculations, which leads to a pK a lowering. This is the case of His64 in CA structures, which is 63% buried in the out conformation and 100% buried in the in conformation. However, since this effect is present in a comparable manner in all structures under investigation, it is possible to make a relative comparison and to understand the effect of the chemical environment in modulating His64 pK a in hCA VII and hCA II. Table 2 . pK a predictions of His64 in and out conformations for dmCA VII (this work) and hCA II (pdb code 1TE3) [20] enzymes. Calculations were performed using PROPKA 3.0 [43, 44] .
Enzyme pK a
His64 These calculations reveal that the pK a value of His64 is higher in dmCA VII, for both in and out conformations (Table 2) . Moreover, for both enzymes, the out conformation displays a higher pK a value than the in conformation. Indeed, the His64 in conformation, pointing toward the active site interior, is completely hindered from solvent (100% buried) and feels a slight destabilizing charge-charge interaction with Zn 2+ ion that further lowers its pK a value. On the contrary, the pK a of the out conformation in both enzymes is affected by the presence of Lys170, a residue located on the protein surface at the top of the active site cavity (Figure 4) .
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His64 These calculations reveal that the pKa value of His64 is higher in dmCA VII, for both in and out conformations (Table 2) . Moreover, for both enzymes, the out conformation displays a higher pKa value than the in conformation. Indeed, the His64 in conformation, pointing toward the active site interior, is completely hindered from solvent (100% buried) and feels a slight destabilizing chargecharge interaction with Zn 2+ ion that further lowers its pKa value. On the contrary, the pKa of the out conformation in both enzymes is affected by the presence of Lys170, a residue located on the protein surface at the top of the active site cavity (Figure 4 ). In the case of hCA II, there is an additional residue, i.e., His4, which further affects the pKa value of the out conformation (Figure 4) . Interestingly, this residue is substituted by a Gly in dmCA VII. His4 residue is predicted by PROPKA calculations to titrate at pH 6.3 (pKa = 6.3), being completely solvent exposed. The electrostatic interaction between His4 and the nearby His64 residue contributes to hamper the titration of His64 and thus to lower its pKa in hCA II. This effect is, however, strongly dependent on the distance between His4 and His64. Since from the analysis of the hCA II structures In the case of hCA II, there is an additional residue, i.e., His4, which further affects the pK a value of the out conformation (Figure 4) . Interestingly, this residue is substituted by a Gly in dmCA VII. His4 residue is predicted by PROPKA calculations to titrate at pH 6.3 (pK a = 6.3), being completely solvent exposed. The electrostatic interaction between His4 and the nearby His64 residue contributes to hamper the titration of His64 and thus to lower its pK a in hCA II. This effect is, however, strongly dependent on the distance between His4 and His64. Since from the analysis of the hCA II structures crystallized in different conditions [20, 40, 42] , it emerged that the side chain of His4 can assume different orientations, we decided to perform pK a calculations on different hCA II structures (see Method paragraph) ( Table 3) .
The final pK a value of hCA II His64 in the out conformation (Table 2 ) was obtained by averaging over the values reported in Table 3 , and further confirms that the pK a of His64 is higher in dmCA VII (4.6) than in hCA II (4.3). 
Discussion
The aim of this work was to provide insights into the molecular features responsible for the different catalytic activity of hCA II and hCA VII. Two features of these enzymes were thoroughly analyzed and compared: (i) the network of ordered water molecules, connecting the zinc bound solvent molecule and the proton shuttle His64, and (ii) the pK a of this residue. Indeed, in previous studies these two features were reported to be important in determining the rate of the proton transfer [14] .
hCA II and hCA VII present a high degree of sequence identity (55.7%), which is mainly localized in the active site region. Indeed, only seven substitutions (S65A, Q67N, D69E, K91I, A135V, S136Q and S204L) are observed among the 23 residues that delimit the active site cavity ( Figure 5) . Accordingly, the structural superposition of the unbound hCA VII and the native hCA II, crystallized at comparable pH values (PDB codes 1TEQ and 1TE3) [20] , reveals a substantial degree of three-dimensional similarity in the conformation of conserved residues belonging to the active sites of the two enzymes. The only notable difference is related to the conformation of His64. Indeed, this residue presents in hCA II both the in and the out conformations, whereas only the out conformation is observed for dmCA VII. crystallized in different conditions [20, 40, 42] , it emerged that the side chain of His4 can assume different orientations, we decided to perform pKa calculations on different hCA II structures (see Method paragraph) ( Table 3 ). The final pKa value of hCA II His64 in the out conformation (Table 2) was obtained by averaging over the values reported in Table 3 , and further confirms that the pKa of His64 is higher in dmCA VII (4.6) than in hCA II (4.3). Table 3 . pKa predictions of His64 in out conformation using different crystal structures of hCA II [20, 40, 42] . A and B letters indicate two different conformers of His4 side-chain, when they are present in the same crystal structures.
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Discussion
The aim of this work was to provide insights into the molecular features responsible for the different catalytic activity of hCA II and hCA VII. Two features of these enzymes were thoroughly analyzed and compared: (i) the network of ordered water molecules, connecting the zinc bound solvent molecule and the proton shuttle His64, and (ii) the pKa of this residue. Indeed, in previous studies these two features were reported to be important in determining the rate of the proton transfer [14] .
hCA II and hCA VII present a high degree of sequence identity (55.7%), which is mainly localized in the active site region. Indeed, only seven substitutions (S65A, Q67N, D69E, K91I, A135V, S136Q and S204L) are observed among the 23 residues that delimit the active site cavity ( Figure 5) . Accordingly, the structural superposition of the unbound hCA VII and the native hCA II, crystallized at comparable pH values (PDB codes 1TEQ and 1TE3) [20] , reveals a substantial degree of threedimensional similarity in the conformation of conserved residues belonging to the active sites of the two enzymes. The only notable difference is related to the conformation of His64. Indeed, this residue presents in hCA II both the in and the out conformations, whereas only the out conformation is observed for dmCA VII. . Sequence alignment of hCA VII and hCA II. The catalytic histidines, Thr199 and Glu106 are indicated with a triangle, residues belonging to the hydrophobic region of the active site are indicated with a rhombus, while residues belonging to the hydrophilic one are indicate with a circle. Finally, residues of the active site cavity which are not conserved in the two enzymes are underlined in bold style. Figure 5 . Sequence alignment of hCA VII and hCA II. The catalytic histidines, Thr199 and Glu106 are indicated with a triangle, residues belonging to the hydrophobic region of the active site are indicated with a rhombus, while residues belonging to the hydrophilic one are indicate with a circle. Finally, residues of the active site cavity which are not conserved in the two enzymes are underlined in bold style.
The observation that in dmCA VII only the out conformation is present is quite surprising. Indeed, as mentioned in the Introduction, in many crystallographic structures of hCA II [20, [40] [41] [42] this residue shows high conformational flexibility and is observed both in the in and out conformation [19, 20] . The two conformational states are approximately equally populated at physiological pH, but a predominance of in conformation is observed at more alkaline pH [19, 20] . Since dmCA VII has been crystallized at pH 8.5, in agreement with what was observed for hCA II, a predominant in conformation would have been expected, differently from what experimentally observed. A predominant out conformation of His64 was observed also in the hCA II variants N67L [26] , T200S [21] , W5H [46] , W5E [46] , N67Q [47] and N62D [29] . For some of these variants a clear correlation between a higher pK a of this residue and the out conformation was observed [26, 29] . When this correlation was not present, stabilizing interactions of the imidazole ring (including crystal packing interactions) were utilized to justify the observed out conformation [46] . In agreement with data showing the correlation between the out conformation of His64 and its higher pK a values, our theoretical calculations demonstrated that the pK a of His64 is higher in dmCA VII than in hCA II.
The different conformational preferences of His64 in hCA II and dmCA VII have important consequences in the solvent structure within the active site cavity. Indeed, the structural comparison between the two enzymes reveals that in the case of dmCA VII an additional water molecule connecting the zinc-bound solvent molecule and His64 is present in the position that in hCA II is occupied by the in conformation of His64. Previous studies reported by Fisher and coworkers [20] proposed that the efficiency of proton transfer is related to the number of water molecules between the Zn 2+ -bound solvent molecule and the proton shuttle: the smaller the number of connecting water molecules is, the higher the catalytic efficiency will be. These observations were in contrast with the work of Riccardi et al. [48] , which suggested that the intramolecular proton transfer is governed by electrostatics and is not sensitive to distance nor number of water molecules bridging the zinc-water and the proton shuttle. Our findings are in agreement with the hypothesis proposed by Fisher. In fact, in our case the higher number of intervening water molecules is associated to a reduced catalytic efficiency of hCA VII with respect to hCA II.
In conclusion, our studies provide a further piece in the complicated puzzle of the hCA catalytic mechanism. In particular, we found that in hCA VII pKa of His64 is higher than in hCA II. This determines a predominant out conformation of its side chain and consequently an altered solvent structure that makes less efficient the catalytic mechanism. Interestingly, a key residue in determining the different pKa values of the proton shuttle in the two enzymes, is the one in position four, namely His4 for hCA II and Gly4 for hCA VII. Previously reported studies from our group highlighted the crucial role of histidines on the protein surface of hCA II (among which His4) as important in determining the high catalytic efficiency of this isoform [45, 46] . The studies here reported corroborate this hypothesis; mutagenesis experiments are currently underway in our lab to definitively confirm it.
Materials and Methods
Protein Expression and Purification
The cDNA encoding the C183S/C217S mutant form of hCA VII, called dmCA VII [32] , was PCR amplified using the following site-specific primers with NcoI/XhoI restriction sites:
The resulting fragment was ligated into the expression vector pETM13 (a kind gift from EMBL, Heidelberg). The generated plasmid was checked by sequencing and appropriate digestion with restriction enzymes. E. coli BL21 (DE3) cells were transformed with the recombinant construct. The growth was performed at 37 • C. At OD 600 = 0.6, cells were induced by adding IPTG (isopropil-β-D-1-tiogalactopyranoside) at a final concentration of 0.1 mM. The expression of the recombinant protein was carried out at 22 • C for 16 h. The culture was centrifuged (20 min at 4 • C at 27,956× g) and the pellet stored at −80 • C.
The lysis of the obtained pellet was performed in PBS 1X (10 mM phosphate buffer, 27 mM potassium chloride and 137 mM sodium chloride, pH 7.4), in presence of 1 mM phenylmethanesulfonyl fluoride, 5 mg/mL DNaseI, 0.1 mg/mL lysozyme and 1.0 µg/mL Aprotinin, Pepstatin and Leupeptin used as protease inhibitors (Apllichem, Darmstadt, Germany). Cells were disrupted by sonication. After centrifugation (30 min at 4 • C at 219,126× g), the protein was purified by FPLC, using an AKTA system on a 1 mL His Trap FF column (GE Healthcare, Little Chalfont, UK), by stepwise elution, according to the manufacturer's instruction (GE Healthcare, Little Chalfont, UK). After elution, dmCA VII enzyme was dialyzed in 20 mM Tris, 100 mM NaCl, pH 8.0 buffer. The protein was further purified by affinity chromatography with p-(aminomethyl) benzene sulfonamide (pAMBS) agarose beads (Sigma, Milan, Italy). Protein purity was assessed on 15% SDS-PAGE gels, using Biorad Precision Plus Protein All Blue Standards (10-250 kDa) as molecular mass marker.
Crystallization and X-ray Data Collection
hCA VII crystallization conditions were identified using Crystal Screen, Crystal Screen 2 and Index kits from Hampton Research [49, 50] . The wells contained 500 µL precipitant solution and the drops were composed of 1 µL reservoir solution and 1 µL protein solution at a concentration of 5 mg/mL in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl. Crystals suitable for X-ray analysis were obtained using 25% (w/v) polyethylene glycol 3350 in 0.1 M Tris-HCl, pH 8.5 as precipitant buffer. Crystals appeared in the drops within 48 h and grew in about 1 week to maximum dimensions of 0.2 × 0.2 × 0.2 mm 3 . A complete dataset was collected at 1.91 Å resolution from a single crystal at the temperature of 100 K, using a copper rotating-anode generator developed by Rigaku equipped with a Rigaku Saturn CCD detector. Prior to cryogenic freezing, crystals were transferred to the precipitant solution with the addition of 25% (w/v) glycerol. Diffraction data were indexed, integrated and scaled using the HKL2000 software package [51] . Crystals belonged to the space group P2 1 Table 1 .
Structure Determination and Refinement
The structure of dmCA VII was solved by the molecular replacement technique using the program AMoRe [52] and the atomic coordinates of dmCA VII crystallographic structure in complex with acetazolamide inhibitor (PDB code 3ML5) [32] as a search model. The rotation and translation functions were calculated using data between 15.0 and 3.5 Å resolution. The one body translation search, using the centered-overlap function (c-o), on the first 50 rotation solutions led to a single solution with a correlation coefficient of 0.672 and an R-factor of 0.327. Refinement of the structure was performed with CNS 1.3 [53, 54] and model building was performed with O [55] . Several cycles of manual modeling of the structure and positional and temperature factor refinement were carried out to reduce the crystallographic R-work and R-free values (in the 31.5-1.91 Å resolution range) to 0.196 and 0.244, respectively. The model stereochemistry was checked using the programs WHATCHECK and PROCHECK [56, 57] . The final model contains 2063 protein atoms and 162 water molecules. Coordinates were deposited in the Protein Data Bank (PDB accession code 6G4T).
Theoretical pK a Calcuations
pK a values of His64 residue were predicted using PROPKA 3.0 (freely available at http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) [44] . PROPKA is an empirical pK a predicting method, which estimates the shift in the pK a arising from hydrogen bonds, relative burial and coulombic interactions [43, 44] . These contributions are parametrized to fit experimentally measured ∆pK a . Calculations were performed using the dmCA VII crystal structure herein reported, and all the available hCA II crystal structures collected in a pH range 7-9 (PDB accession codes 1TE3, 3KS3, 2CBA, 1TBT and 1TEQ) [20, 40, 42] . 
